Introduction
============

Cancer development and progression involve a complex process with multiple genetic changes \[[@b1]\]. Genome-wide approaches have accelerated the large-scale discovery of cancer-related molecules \[[@b2]--[@b4]\], including genes with altered expression, in a variety of malignant tumours \[[@b5], [@b6]\]. In colorectal cancer (CRC), a predominant gastrointestinal malignancy and multi-gene disease \[[@b7]--[@b9]\], clarification of the roles of oncogenes and other genes responsible for tumourigenesis is critical for the development of therapeutic strategies \[[@b10]\].

Ribosomal proteins (RPs) are a major component of the ribo-some, and are involved in the cellular process of translation \[[@b11]\]. Their activity is required for the growth and maintenance of all cell types \[[@b12]\]. Deregulation of the molecular mechanisms controlling cell growth can alter cell sizes, and may contribute to a variety of pathological conditions, including cancer \[[@b13]\]. Therefore, genes for RPs might be 'cancer genes' in humans, reflecting the potential importance of ribosomal function and translational control in tumour progression \[[@b14], [@b15]\]. Many studies have evaluated specific RPs in some gastrointestinal malignancies \[[@b16], [@b17]\]. Thus, the role of RPs in cancer prevention, prognosis prediction and therapy is becoming increasingly important.

Recent studies suggested that a molecular test of faecal material might elucidate the molecular pathogenesis of CRC \[[@b18]--[@b20]\]. In our previously faecal studies, we used advanced microarray technology to define global changes in gene expression detectable in faeces \[[@b21]\] and found many RPs were differentially expressed. Changes in the expression of a series of RPs were demonstrated in CRC patients \[[@b16], [@b22]\]. In addition, one of RPs, ribosomal protein L19 (RPL19), was up-regulated in human breast tumours \[[@b23]\]. Overexpression of this protein is also considered to be a valuable marker in prostate cancer diagnosis and patient management \[[@b24]\]. Accordingly, the expression of RPL19 in CRC and the effects of faecal RPL19 on the prognosis of CRC patients are very interesting issues.

In this study, we specifically quantified transcripts of RPL19 using quantitative real-time reverse transcription--PCR (qRT--PCR), and clarified its prognostic value in association with other clinicopatholog-ical parameters.

Materials and methods
=====================

Patients
--------

One hundred and nine CRC patients divided into three groups for clinical sampling (Table [1](#tbl1){ref-type="table"}) were enrolled at Cathay General Hospital and Taipei Veterans General Hospital, Taipei, Taiwan. Follow-up data were obtained prospectively. The initial tumour stages and serum levels of carcinoembry-onic antigen (CEA) of the patients were determined. The mean follow-up time of 54 patients whose faeces were analysed by quantitative RT-PCR was 26.9 months (SD, 17.3; median, 28.7). The study was approved by the Institutional Review Board of Cathay General Hospital as a research study.

###### 

Applications of clinical samples

  Analysis                        Sample   Case number   Age range (years)
  ------------------------------- -------- ------------- -------------------
  Microarray hybridization        Faeces   11            33--84
  Quantitative real-time RT-PCR   Faeces   54            41--90
  Tissues                         44       37--95        

Total faecal RNA extraction and mRNA purification
-------------------------------------------------

Faecal samples from 54 patients (41--90 years old) and 15 healthy controls (30--70 years old) were obtained and preserved in specific preservation buffer until total RNA was purified as described in our previous report \[[@b25]\]. For the oligonucleotide microarray analysis, another 11 CRC patients (patients 01 to 11: two at Dukes\' stage A, three at stage B, three at stage C, and three at stage D; 33--84 years old) and another five healthy controls (two men, 31 and 42 years old; three women, 33--38 years old) who were undergoing voluntary colonoscopic examination were sampled for 2--4 g of fresh faeces, from which total faecal RNA was purified. Normal pool 1 (NP01) was the pool of total faecal RNA from the two healthy men and normal pool 2 (NP02) was that from the three healthy women. Each 100 μg of quality-confirmed total faecal RNA from patients 01 to 11, NP01 and NP02 was then purified to mRNA using the Oligotex mRNA kit (Qiagen, Valencia, CA, USA), according to the manufacturer\'s protocol.

Total RNA extraction from colonic cell lines and tissue samples from CRC patients
---------------------------------------------------------------------------------

Eleven colon cell lines (CCD-18Co, ATCC CRL-1459; CCD-112CoN, ATCC CRL-1541; DLD-1, ATCC CCL-221; SW480, ATCC CCL-228; HT-29, ATCC HTB-38; LoVo, ATCC CCL-229; Caco-2, ATCC HTB-37; HCT 116, ATCC CCL-247; COLO 205, ATCC CCL-222; SW 1116, ATCC CCL-233; and T84, ATCC CCL-248) \[[@b26]--[@b29]\] were purchased from either the American Type Culture Collection (ATCC, Manassas, VA, USA) or the Bioresource Collection and Research Center (BCRC, Hsinchu, Taiwan). The Dukes\' stages of these colon cell lines were determined \[[@b21]\] or are described on the websites of the ATCC (<http://www.atcc.org>). All cultured cells were maintained in Dulbecco\'s modified Eagle\'s medium with 5 mM glutamine, with routine culture procedures. Tumour tissues and the corresponding normal tissues from the 44 CRC patients (37--95 years old) were immediately immersed in RNA later (Ambion, Austin, TX, USA) and stored according to the manufacturer\'s instructions. Total RNA was extracted from the tissues with TRIzol reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer\'s instructions.

Oligonucleotide microarray hybridization and data extraction
------------------------------------------------------------

The methods for synthesizing fluorescently labelled cRNA, microarray hybridizations, and data extraction were described in our previous report \[[@b21]\]. The quantified signal and background intensity for each transcript were substantially normalized using the rank-consistency-filtering LOWESS method \[[@b30]\]. Significant differences in the expression of faecal gene products between groups (healthy controls and patients at different Dukes\' stages) were identified with Student\'s t-test (**≥** twofold differences, *P* \< 0.01). Statistical comparisons were made with the highest mean intensities \[[@b31]\]. Average-linkage hierarchical clustering of an uncentered Pearson correlation similarity matrix was applied with the program Cluster (version 2.11), and the results analysed. Figures were generated with the program TreeView (version 1.60) \[[@b32]\].

Detection of RPL19 expression levels in cell lines, tissues, and faecal samples
-------------------------------------------------------------------------------

All cDNAs were generated as previously described \[[@b18], [@b21]\]. In cell lines, tissue or faecal samples, the relative levels of expressed RPL19 mRNA were quantified using qRT--PCR in the presence of a TaqMan probe and TaqMan Master Mix (Roche Diagnostics GmbH, Mannheim, Germany), according to the manufacturer\'s instructions. Amplification primers for RPL19 (X63527) were 5′--ATCCACAAGCTGAAGGCAGA--3′ (forward) and 5′--GCGTGCTTCCTTGGTCTTA--3′ (reverse), used with Universal Probe No.64 (Roche Diagnostics). The primers for 18s rRNA (X03205) were 5′--CTCAACACGGGAAACCTCAC--3′ (forward) and 5′--CGCTCCACCAAC-TAAGAACG--3′ (reverse), used with Universal Probe No.77 (Roche Diagnostics). LightCycler Software (version 4.05, Roche Diagnostics) was used to analyse the PCR kinetics and to calculate the quantitative data when performing qRT--PCR \[[@b33]\]. For each tissue or faecal sample, the expression level of RPL19 mRNA was normalized by dividing it by that for 18s rRNA. To acquire the relative RPL19 expression in CRC tissues, the ratio of RPL19 mRNA expression in the tumour and in the corresponding normal tissue was calculated.

Statistical analysis
--------------------

Statistical analyses were performed to determine differences in the relative RPL19 mRNA level among the various clinical samples using the Mann-Whitney U test or the chi-square test. To clarify the clinical significance of the faecal RPL19 and serum markers combined into a diagnostic panel as the prognostic predictor, odds ratios (OR) and 95% confidence intervals (95% CI) were derived from binary logistic regression. Survival probabilities were estimated with the Kaplan--Meier method and compared using the log-rank test (*P* \< 0.05). These analyses were performed with SPSS (SPSS, Chicago, IL, USA). A *P*-value \< 0.05 was considered statistically significant.

Results
=======

Differentially expressed RPs in the faeces of 11 CRC patients and five normal controls

Forty-six RPs and their related genes, including 11 large- and 14 small-ribosomal protein transcripts, and 21 mitochondrial forms, were differentially detected in faeces (fold change ≥2, *P*≥ 0.01). Average-linkage hierarchical clustering of these 46 RPs was performed based on the gene expression levels ascertained from microarray data to identify genes that are probably associated with similar clinical phenotypes. The 11 CRC patients and two distinct pools of normal participants were clustered into two groups (Fig. [1A](#fig01){ref-type="fig"}). Group I was 80% late Dukes\' stages (one Dukes\' stage C and three stage D). Group II was composed of two pools of normal participants and 67% early Dukes\' stages (two Dukes\' stage A and two stage B). As compared to group II, group I contained 22 genes (region A) with elevated expression, including RPL19 (X63527) and RPS13 (D88010), and 24 genes (region B) with reduced expression, including RPS27L (BC047648), RPL26 (AB061829), and RPS3 (AB061838) (Fig. [1B](#fig01){ref-type="fig"}).

![Differentially expressed RPs in the faeces of 11 CRC patients and five normal controls. Forty-six genes for RPs and their related transcripts were generated with statistically significant difference (fold change ≥2, *P* \< 0.01) from pooling each comparison and grouped by average-linkage hierarchical clustering. Each row represents a gene and each column a sample. (A) A dendrogram depicting the groups of the cases. A group cluster depicts the cases with a similar pattern of gene expressions. Group I: five patients, one Dukes\' stage B (patient 08), one stage C (patient 06) and three stage D (patients 11, 05 and 09). Group II: two normal control pools, NP01 and NP02; and six patients, two Dukes\' stage A (patients 07 and 04), two stage B (patients 10 and 01), two stage C (patients 02 and 03). NP01, pooled by two healthy men; NP02, pooled by three healthy women. (B) The classification of 46 genes. A region cluster depicts the genes based on the similarity between their expressions in cases. High expression is shown in red, low expression in green. Region A (orange) contained 22 genes whose expressions were up in group I (light blue) and down in group II (pink). Region B (violet) contained 24 genes whose expressions were down in group I and up in group II. \*RPL19 (X63527), the transcript for ribosomal protein L19.](jcmm0012-1936-f1){#fig01}

Quantitation of *RPL19* expression in colon cell lines and CRC tissues
----------------------------------------------------------------------

The expressions of RPL19 from colon cell lines were quantified by real-time PCR with RPL19-specific primers. As shown in Fig. [2](#fig02){ref-type="fig"}, the expression of *RPL19* mRNA was elevated in the colon cell lines LoVo, Caco-2, HCT 116 and HT-29, which are classified as late-stage lines \[[@b21]\]. In normal cell lines (CCD-18Co and CCD-112CoN), the expression of RPL19was slightly lower than that in other CRC cell lines. To further validate the change in *RPL19* expression in CRC patients, *RPL19* expression was quantified in cancer tissues relative to that in the corresponding non-cancerous tissues of 44 variously staged patients (20 in the earlier stages, Dukes\' stages A and B; 24 in the later stages, Dukes\' stages C and D) (Table [2](#tbl2){ref-type="table"}). The qRT--PCR results revealed that up-regulated RPL19 expression was differentially detected in cancer tissues from patients at late stages (seven of 24, P = 0.038, chi-square test) with statistical significance. In particular, one patient at Dukes\' stage D displayed extremely elevated RPL19 expression in the colonic cancer tissue at 26.4-fold relative to that in the individual non-cancerous tissue.

![Relative cellular RPL19 expression levels from colon cell lines with quantitative real-time PCR. Quantitative real-time PCR was performed using LightCycler 2.0 from 11 colonic cell lines. The expression level of RPL19 mRNA was normalized by dividing it by that for 18s rRNA for each line. Bar 1, CCD-18Co; bar 2, CCD-112CoN; bar 3, SW 1116; bar 4, SW480; bar 5, HCT 116; bar 6, DLD-1; bar 7, LoVo; bar 8, Caco-2; bar 9, HT-29; bar 10, COLO 205; bar 11, T84.](jcmm0012-1936-f2){#fig02}

###### 

Changes of RPL19 expression in colonic tumour tissues of 44 CRC patients

  Features                    Value of T/N ≥ 2^\*^   *P*-value^\*\*^
  --------------------------- ---------------------- -----------------
  Age (years)^\*\*\*^                                
  \<71                        6/22 (27.3%)           0.118
  ≥71                         2/22 (9.1%)            
  Gender                                             
  Male                        5/21 (23.8%)           0.355
  Female                      3/23 (13.0%)           
  Tumour location^\*\*\*\*^                          
  Right                       3/13 (23.1%)           0.508
  Left                        2/18 (11.1%)           
  Rectum                      3/11 (27.3%)           
  Dukes\' stage                                      
  A+B                         1/20 (5.0%)            0.038
  C+D                         7/24 (29.2%)           
  CEA (ng/ml)^\*\*\*\*^                              
  \<5                         3/20 (15.0%)           0.571
  ≥5                          5/23 (21.7%)           

^\*^Value of T/N ≥2, the expression ratio of RPL19 in colonic tumour tissue (T) and its corresponding normal tissue (N) is over 2.0; ^\*\*^*P* values of less than 0.05 were considered statistically significant by chi-square test; ^\*\*\*^median age of 44 patients, 71 years; ^\*\*\*\*^tumour location, 42 available and CEA, 43 available.

Significance of faecal *RPL19* in CRC patients at various stages
----------------------------------------------------------------

The median relative faecal RPL19 expression value was 0.0029 in normal individuals (n = 15), 0.0052 in patients with early-stage CRC (n = 26) and 0.0102 in patients with late-stage CRC (n = 28). As shown in Fig. [3](#fig03){ref-type="fig"}, late-staged patients had significantly higher median faecal RPL19 expression compared with that of normal individuals (*P*= 0.003, Mann-Whitney U test) or early-staged patients (*P*= 0.008, Mann-Whitney U test). To determine the cut-off value for faecal RPL19 expression for late-staged patients with CRC, the sensitivity and specificity were calculated. The cut-off value of 0.0069 (mean value of patients with early-stage CRC) resulted in 67.9% (95% CI, 59.1--76.7) sensitivity and 69.2% (95% CI, 60.1--78.3) specificity. Specifically, more late-staged patients (70.4%*versus* 33.3%, *P*= 0.006, chi-square test) were found in the RPL19^+^ group (≥0.0069) than in the RPL19-- group (\<0.0069).

![Relative faecal RPL19 expression levels from different populations with quantitative real-time PCR. Quantitative real-time PCR was performed using LightCycler 2.0 from healthy individuals (*n*= 15), patients with early-stage colorectal cancer (CRC) (Dukes\' stages A and B; *n*= 26), and patients with late-stage CRC (Dukes\' stages C and D; *n*= 28). The expression level of RPL19 mRNA was normalized by dividing it by that for 18s rRNA for each faecal sample. A significant difference (*P* \< 0.05) determined by Mann-Whitney U test is directly indicated as *P* value. The horizontal lines represent the median values.](jcmm0012-1936-f3){#fig03}

Significance of faecal RPL19 in combination with serum CEA in CRC patients
--------------------------------------------------------------------------

Patients with CEA^−^ and RPL19^−^ (*n*= 18) showed the highest overall 48-month survival (70.6 ± 17.0%). Moreover, in the 27 patients of higher faecal RPL19 expressions, 14 patients with CEA^−^/RPL19^+^ demonstrated significantly higher overall 48-month survival (44.4±21.1%) than patients with CEA^+^ and RPL19^+^ (*n*= 13) (33.8 ± 13.7%, *P*= 0.013, log-rank test) (Fig. [4](#fig04){ref-type="fig"}). These 13 patients with CEA^+^/RPL19^+^ also had poor prognosis (OR, 8.0; 95% CI, 1.5--42.5, *P*= 0.015) than patients who were only considered serum CEA^+^ (*n*= 21; OR, 3.8; 95% CI, 1.1--12.5, *P*= 0.030) or faecal RPL19^+^ (*n*= 26; OR, 2.8; 95% CI, 0.9--9.1, P = 0.088).

![Kaplan--Meier survival curves of CRC patients based on the levels of serum CEA and relative faecal RPL19 expression. Patients with low-serum CEA and low-faecal RPL19 expression (CEA^−^/RPL19^−^): *n*= 18; overall 48-month survival: 70.6 ± 17.0%. Patients with low serum CEA and high-faecal RPL19 expression (CEA^−^/RPL19^+^): *n*= 14; overall 48-month survival: 44.4 ± 21.1%. Patients with high-serum CEA and high-faecal RPL19 expression (CEA^+^/RPL19^+^): *n*= 13; overall 48-month survival: 33.8 ± 13.7%. RPL19^−^, relative faecal RPL19 expression value \<0.0069 (mean value of 26 patients with early-stage CRC); RPL19^+^, relative faecal RPL19 expression value ≥ 0.0069. The P-value was determined using the log rank test.](jcmm0012-1936-f4){#fig04}

Discussion
==========

CRC is one of the commonest causes of cancer death among men of 40--79 years and older \[[@b34]\]. This risk rises sharply at the age of 50--55 years \[[@b35]\]. However, the survival of patients with CRC is closely related to its early detection \[[@b36]\] and the mortality rate would decrease with access to regular high-quality screening \[[@b34]\]. Therefore, the identification of candidate markers for CRC has become an importantly preventative strategy.

Since CRC is a molecular genetic disease, the recognition of cancer genes and the direct quantification of their expression in colonic cells will be a key to the development of successful therapies and the earlier detection of CRC \[[@b10], [@b37]\]. Recent studies suggested that the molecular analysis of faecal material elucidates the molecular pathogenesis of CRC \[[@b19], [@b38]\].

Further, the fact that exfoliated colonic cells in faeces can be isolated and cultured implies the clinical utility of faeces in non-invasive CRC screening with molecular approaches \[[@b39], [@b40]\]. These cells provide a diverse class of candidate faecal markers to distinguish colorectal neoplasia from normal \[[@b41]\]. Faecal analysis showed that the expression of many genes is altered in CRC patients at different Dukes\' stages \[[@b37], [@b42], [@b43]\]. Therefore, the direct evaluation of exfoliated colonocytes should demonstrate the potential of faeces as a useful platform for CRC-associated bio-markers on target cells \[[@b37], [@b44]\].

Assuming free RNA can be predictably recovered from faeces and stabilized during faecal storage, then this approach would have the merits of simplicity and potentially high-diagnostic discrimination \[[@b41]\], as reviewed by Osborn and Ahlquist. Accordingly, we previously reported that the presence of faecal RNA molecules is significantly associated with clinical CRC characteristics \[[@b18], [@b25]\]. In our studies, we used advanced microarray technology to define global changes in gene expression in faeces \[[@b21]\]. Vogelstein *et al*. reported that CRC progression is driven by the accumulation of genetic changes and consequent changes in gene expression patterns \[[@b9]\]. Therefore, genes identified as having altered expression patterns in the faecal colonic cells provide non-invasive targets for early diagnosis, CRC treatment strategies and prognostic indicators.

In this study, we identified a series of RPs with altered expression in the faeces of CRC patients using oligonucleotide microar-ray hybridization. Recently, many RP genes have been shown to be cancer genes in zebrafish \[[@b14]\]. An increasing number of RPs have been studied as cancer-related molecules by others. These studies have included examinations of the role of RPS3 in the onset of cancer \[[@b45]\], the promotion by RPS13 or RPL23 of multi-drug resistance in gastric cancer \[[@b17]\] and the contribution of RPL36 to the multi-factorial mechanisms of cisplatin resistance \[[@b46]\]. The genes for RPS7, RPL23, RPL11, RPL5, RPL26 and RPS27L were also shown to be p53-related molecules \[[@b47], [@b48]\].

Reports of RPL19 were few until Bee *et al*. recently demonstrated its overexpression in patients with malignant prostate cancer, and showed its association with shorter patient survival \[[@b24]\]. RPL19 is also co-expressed with ErbB-2 in breast cancer \[[@b23], [@b49]\]. Here, we report for the first time that RPL19 is differentially expressed in CRC patients and this aberrant expression of RPL19 can be detected easily in faeces by qRT--PCR with a TaqMan probe. We found that the up-regulated RPL19 expression in CRC tissues of late-stage patients can be identified in the faeces of patients at the same stages. Furthermore, together with levels of serum CEA, the prognosis of CRC patients was markedly worse when these two molecules were simultaneously over the cut-off values. It highlights the serum CEA when considered with faecal RPL19. Our results are similar to those reported for the same molecule in prostate cancer and for RPS6 in chondrosarcomas \[[@b24], [@b50]\]. Forty-six percent (21 of 46) of our differentially expressed RPs were mitochondrial forms. Mitochondrial RPL41 (MRPL41, not one of our faecal candidate gene products) was recently found to regulate the cell cycle under growth inhibitory conditions \[[@b51]\]. The clinical significance of most mitochondrial RPs warrants investigation.

Gene expression profiling analysis using microarray technology has been widely applied to the classification of cancers at the molecular level \[[@b52]\]. qRT--PCR is often used to confirm the findings of microarray analyses \[[@b53]\]. We first used these two advanced approaches to characterize molecules detectable in faeces. It has been suggested that faecal RPL19 contributes to the prognosis of CRC. Therefore, the presence of tumour cells in the stool is increasingly regarded as a clinically relevant prognostic factor. In conclusion, the differential expression of faecal molecules can be directly quantified by qRT--PCR. The expression of faecal RPL19 is associated with advanced tumour stage and addictive to serum CEA in predicting prognosis of CRC patients.
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